The lattice spacings o f th e primary solid solutions in m agnesium o f aluminium, gallium, thallium , tin and lead have been accurately measured. The new data confirm th at the effect of increasing the valency o f the solute is to tend to expand the lattice o f m agnesium. Thus, although the inter atom ic distance for tin is smaller than the corresponding distances for indium and thallium , th e contraction in the 'a '-spacing o f magnesiumtin alloys is markedly less than in the indium and thallium alloys. Lead expands the lattice o f magnesium.
for the magnesium structure occurs in the 'c ' direction, in addition to the already existing overlap in the 'o ' direction. For solutes o f favourable * size factor ' the variation in axial ratio with composition, after the onset of the second overlap, is proportional to the electron concentration, and is therefore twice as great per atomic per cent for a four-valent solute as for a three-valent solute.
The apparent atomic diameters of the above elements in dilute solid solution in magnesium, as deduced by extrapolation of the lattice spacingcomposition curves to 100 % of solute, are in agreement w ith the require ments of the Brillouin Zone theories of metals. The results confirm the suggestion that indium, thallium, white tin and lead are incompletely ionized in the elementary state.
Introduction
A systematic investigation of the primary solid solutions of many elements in copper and silver (Hume-Rothery, Mabbott & Channel-Evans 1934) established the principal factors affecting solid solution formation. I t was concluded th a t the predominant factors were the 'size-factor' relationships and the valencies of the solvent and solute elements. Where the closest distance of approach of the atoms in the crystals of the elements differed by more than 14 % of th at of the solvent, the primary solid solu tion was very restricted, and the size factor was said to be unfavourable. Where the closest distances of approach were within this limit, wide solid solutions were formed and the size factor was said to be favourable. This empirical rule enabled the phenomena of alloy formation to be interpreted, to a first approximation, in terms of constants of the constituent elements. A later examination of the lattice distortion produced in silver and copper by elements of favourable size factor with respect to these solvents showed th a t clear numerical relations existed.
In a paper discussing magnesium alloys in the light of the theory of copper and silver alloys , it was shown th at the same considerations applied to solid solution formation in mag nesium, provided th at allowance was made for the highly electropositive nature of this metal. The lattice distortions produced in magnesium by indium, cadmium and silver were reported in a previous paper . Equal atomic percentages of these elements contract the 'a '~ spacing of magnesium by amounts proportional to 1:2:5 respectively. I t was pointed out later (Hume-Rothery & Raynor 1940) th a t although the a-spacing-composition curves for the systems magnesium-indium and magnesium-aluminium are smooth and continuous, the c-spacing-composition curves show an abrupt change in direction a t about 0*75 atomic " % of the solute.
The present paper represents an extension of this work. The mean lattice spacings of the primary solid solutions of gallium, thallium, tin and lead in magnesium have been measured and further experiments made on the magnesium-aluminium alloys. According to the empirical size-factor rule, the size factors of indium and thallium are favourable, th a t of aluminium is on the borderline of the favourable zone, while th a t of gallium is un favourable with respect to magnesium. Tin and lead have favourable size factors, but their primary solid solutions in magnesium are restricted by the effect of stable compound formation.
Throughout the paper the term 'mean lattice distortion' is used to denote the differences between the lattice spacings of the solid solutions and the solvent metal, as measured by the ordinary powder methods of X-ray analysis.
General experimental procedure
The experimental technique employed was similar to th a t fully described in a previous paper . The alloys were prepared by melting the constituents together in alumina crucibles, and casting into copper moulds. After annealing the ingots to equilibrium, filings were prepared in an argon atmosphere, annealed in silica tubes to relieve strain a t tem peratures within the homogeneous area of the equilibrium diagram, and quenched in water. Fine filings separated by sieving were mounted on a hair for exposure and the unsieved residue sealed in vacuo for analysis.
The compositions of all alloys were established by chemical analysis, both constituents being determined throughout as a check on contamina tion. Tests showed th at the compositions by analysis of the sieved filings and the unsieved residues were identical, so th a t in general the latter were used for analytical work. The figures given in the Appendix are therefore based on the analysis of the filings after all annealing treatm ents had been completed, th at is, in the condition in which they were exposed to X-rays.
Lattice constants were determined in the usual manner, u sin g a cylin drical camera of diameter 19 cm., and copper K a radiation from a Metropolitan-Vickers demountable X-ray tube. The temperature of the camera during exposure was kept constant and was measured by means of a thermocouple. The lattice spacings quoted in this paper have been reduced to a common temperature of 20° C, assuming for this purpose th at the coefficients of expansion of the dilute alloys were substantially the same as those of magnesium.
The camera was calibrated against quartz, as recommended by Bradley & Jay (1933) , whose cos2# extrapolation method was used throughout in order to eliminate errors due to absorption, film shrinkage, eccentricity of specimen, etc. In the course of the work, Dr H. Lipson kindly informed the author th at extensive work a t the Crystallography Department, University of Cambridge, had shown th a t the constants recommended by Bradley & Jay gave the standard angle of the camera, as defined by shadows of fixed knife edges, consistently 0-04° too high. The present results were therefore calculated using a standard angle of 84*26° instead of the value 84*30° originally assumed.
Duplicate measurements of the same film gave results agreeing within 0*0001 A, while duplicate photographs of the same alloy gave results also agreeing within this limit after correction for the temperature of the exposure. I t is estimated th at the values of the a-spacings are accurate to within ±0*0001 A, while the values of the axial ratios and c-spacings are estimated to be accurate to within ± 0*0001 and ± 0*0003A respec tively.
Materials used
The magnesium used was presented by the National Physical Laboratory and was 99*95 % pure; the chief impurities were iron (0*03 %), silicon (0*01 %) and aluminium (0*01 %). Particulars of the solute metals used are as follows:
Aluminium: the purity exceeded 99*99 %, the impurities being iron (0*0008 %), silver (0*0028 %) and copper (0*001 %).
Gallium: supplied by the Kaliwerke, Aschersleben, Germany, and refined before use by Messrs Johnson, Matthey and €0., Ltd.
Thallium: the metal was kindly presented by the Goldsmiths' Metallurgical Laboratory, Cambridge, and was 99*99 % pure.
Tin: 'Chempur' tin, as supplied by Messrs Hopkins and Williams, was employed. Lead: this metal was kindly presented by the Cookson Lead and Antimony Company, Ltd., and was spectroscopically pure.
Experimental results

(a)
Pure magnesium Five separate determinations of the lattice spacings of magnesium gave the axial ratio at 20° C as 1*6236 (assuming 6k for camera = 84*26). The values of the a-spacing varied between 3*20255 and 3*20265A, with a mean value of 3*20259A, while the mean value of the c-spacing was 5*19973A. These values are in excellent agreement with the results of Jette & Foote (1935) , who reported an a value of 3-20300A at 25° C (=3-20258A at 20° C) with cja equal to 1-62355. They are also in good agreement with a recent measurement of levins, Straumanis & Karlsons (1938) , which gave a =3-20280A a t 25° C (= 3-20238A a t 20° C) with c/a equal to 1-62353.
(6) The alloy systems
The results obtained for the lattice-spacing measurements with alloy specimens are tabulated in the Appendix to this paper. Figure 1 shows the lattice-spacing-composition curves for the primary solid solution of aluminium in magnesium, together with those for the magnesium-indium system for comparison. The experimental points for the a-spacings lie on a smooth curve from which no point deviates by more than 0-0002A. The curve is initially linear; above the approximate limit of 6 atomic % the contraction is slightly less than would be expected from a linear law.
Lattice spacings of prim ary solid solutions in magnesium
The spacing-composition curves for the systems magnesium-gallium and magnesium-thallium are shown in figure 2 (u-spacings) and figure 3 (c-spacings). The a-spacing curve for the gallium alloys falls sharply from the value for magnesium and is initially linear. In the region of 2 atomic % 112 G. V. of gallium the curve, from which no point differs by more than 0-00015A, departs from linearity in the same sense as in the aluminium alloys. For the magnesium-thallium alloys the a-spacing curve, from which no point differs by more than 0-0001 A, again appears to be linear for the dilute alloys; the contraction per atomic per cent later becomes more marked, in contrast to the alloys with aluminium and gallium. Similar behaviour is shown by the magnesium-indium a-spacing curve.
Whereas the a-spacing curves £ot these alloy systems are smooth and continuous, the curves for the c-spacings all show an abrupt change of lirection a t a composition of 0*75 atomic °/0 of solute. The contraction per itomic per cent in the aluminium and gallium alloys is less above this imit than below, while the initial contraction is followed by an expansion n the case of the alloys with indium and thallium. Figures 2 and 4 show respectively the a-spacing curves and the c-spacing curves for the primary solid solutions of tin and lead in magnesium. For the magnesium-tin system, a straight line, from which no point deviates by more than 0*00005A, may be drawn through the determined a-spacings. The lattice distortion is less, per atomic per cent, than in the case of the indium and thallium alloys. The c-spacing curve is of the same general type as those for the magnesium-indium and magnesium-thallium systems, showing an abrupt change of direction. Since this effect occurs at such a small tin content, it is difficult to determine accurately the exact com position at which it takes place. I t must, however, lie between 0*2 and 0*4 atomic % of tin. 
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It is seen from figure 2 that the magnesium-lead system, in contrast to the other systems investigated, shows an expansion of the o-spacing. The a-spacing curve, from which no point differs by more than 0*0001 A, appears again to be initially linear. In the region of 3 atomic % of lead the linearity is lost and the expansion per atomic per cent becomes pro gressively less. The experimental points suggest that the change is gradual rather than abrupt. The form of this curve was confirmed by an investiga tion published by after the present work had been completed. The a-spacings reported by these authors are scattered by amounts of the order of 0*0003 A about a smooth curve which, after reduc tion to 20° C, lies below that of figure 2 but differs from it at no point by more than 0*0002A. This agreement is very satisfactory. According to these authors, who did not examine alloys containing less than 0*51 atomic % of lead, the c-spacing curve is also smooth and continuous. Figure 4 , however, shows th a t there is again a change of direction, the expansion in the very dilute alloys being much less marked than th a t above a critical limit. The exact composition of this limit is again difficult to locate, but must lie between 0-3 and 0*5 atomic % of lead. The experimental points of Foote & Jette are not inconsistent with this change in direction.
D iscussion
I t has been stated above th a t the size-factor conception of HumeRothery and his co-workers enabled alloy formation to be interpreted in terms of the atomic diameters of the constituent metals, which were assumed to be given by the closest distances of approach of the atoms in the crystals of the elements. On this basis the size factors for gallium, indium, thallium, and lead with respect to magnesium are difficult to assess, since the interatomic distances in metallic indium, thallium and lead are affected by incomplete ionization (Hume-Rothery & Raynor 1:938), while gallium has a complex crystal structure such th a t there are several close distances of approach between atoms. An estimate of the atomic diameters in structures showing incomplete ionization can, however, be made. The difference between the atomic diameters of white tin (in completely ionized) and grey tin (fully ionized) is of the order of 0*3 A, so th a t by subtraction of this difference from the observed interatomic distances in metallic indium, thallium and lead, approximate values are obtained, which may be taken as corresponding with complete ionization. By this arbitrary procedure it is estimated th at the size factors with respect to magnesium of the solutes studied in the present work are in the following order:
Lead (most favourable), thallium, indium, tin, aluminium (borderline), gallium (unfavourable) .
From the curves shown in figures 1 and 2 for the three-valent solutes, it is seen th at the distortion produced corresponds qualitatively with this order. The distortion produced by equivalent amounts of gallium and aluminium is markedly greater than th at produced by indium and thal lium, while the curve for thallium lies slightly above th at for indium. The a-spacing curves for dilute solutions of gallium and aluminium in mag nesium are similar; the distortion produced by gallium would, however, be expected to be greater than that produced by aluminium if the gallium size factor is estimated from the closest distance of approach of atoms in metallic gallium. This behaviour is referred to below.
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A comparison of the «-spacing curves for the prim ary solid solutions of indium, cadmium and silver in magnesium showed th a t increasing the valency of the solute decreased the lattice distortion in the a direction, this effect being due to an increase in the overlap of electrons in the a direction from the first Brillouin Zone for the magnesium structure as the electron concentration increases. Figure 2 shows th a t this principle holds also for four-valent solutes. An increase of 1 atomic % of a fourvalent solute gives an increase of 0-02 overlapping electrons per atom, as compared with an increase of 0*01 per atom for 1 atomic % of a three-valent solute. The relative expansion of the a-spacing is therefore greater, per atomic per cent, for four-valent solutes. In agreement w ith this the magnesium-tin distortion curve lies above those for the thallium and in dium alloys, although the arbitrary size factor is less favourable.
I t is of interest to note that, according to the present work, the volume of the unit cell of magnesium-tin alloys remains constant, within the limits of experimental error, above the composition corresponding to the direction change in the c-spacing curves.
In dilute solution, equiatomic percentages of indium, cadmium and silver contract the a-spacing of magnesium by amounts proportional to 1:2:5 respectively. The distortion produced by tin, which is in the same period of the periodic table as indium, cadmium and silver, bears no simple relation to th a t produced by these elements. This is not unexpected, since the relatively high electrochemical effect in the magnesium-tin system tends to contract the lattice and obscure purely electronic effects.
Taking the present results, and combining them with previous results for indium, cadmium and silver, it is found th a t equiatomic percentages of these elements contract the a-spacing of magnesium by amounts proportional to 1:1-75:3-5:8-75, while the volume of the unit cell, for compositions lying above th a t corresponding to the direction change, is decreased by amounts proportional to 0 :1 :3 :9 . I t is curious th a t both series of numerical factors may be represented by empirical expressions of the same form. The expression 2Fa + 3 = 20/ where is the numerical factor for the a-spacing curves and V the valency of the solute, leads to the values 1, 1*8, 3*5, and 8-5 for Fa, while the expression 2FV + Q = 24/ gives the values 0, 1, 3, and 9 for the volume factor Fv.
Although the a-spacing curves for the solid solutions of aluminium and indium are smooth and continuous, the c-spacing curves show a change in direction a t 0*75 atomic % of solute (figure 1). This behaviour was noted by , and was taken to imply th at, although in metallic magnesium with two electrons per atom the overlap of the first B'rillouin Zone is in the a direction only, the structure is so near the stage at which an overlap in the c direction sets in th a t the addition of less than one electron per hundred atoms causes the c overlap to take place. Once this overlap is established, the stresses produced by the over lapping electrons tend to expand the lattice in the c direction; this leads to a change in direction of the c-spacing curve a t the critical composition. Figure 3 shows clearly th a t the magnesium-gallium and magnesiumthallium systems exhibit the same behaviour. The effect is very clearly shown by the gallium alloys, in which the first small additions of gallium lower the axial ratio to 1*6234 a t 0*75 atomic %, while further additions increase it. The resulting change in direction of the c-spacing curve is slight but is outside the limits of experimental error.
If the above interpretation of the effect is correct, similar behaviour should be observed in the c-spacing curves of magnesium alloys with fourvalent elements at a composition of 0*375 atomic %, which corresponds with an electron concentration of 2*0075. Figure 4 shows th a t this pre diction is fulfilled for the solid solutions in magnesium of tin and lead, which are the only four-valent solutes having a sufficiently wide solid solution range in magnesium for the effect to be tested.
Confirmation of the general interpretation is given b.y the observation that, for solutes of favourable size factor, the increase of axial ratio per atomic per cent above the critical limit is approximately twice as great for four-valent solutes as for three-valent solutes. The axial ratio changes therefore depend directly upon the electron concentration, or the number of overlapping electrons per atom. Figure 5 shows the axial ratios for the indium, thallium, tin and lead alloys plotted against composition. In figure 6 a the axial ratios for the alloys with indium and tin, which both belong to the same period, are plotted against electron concentration, while figure 66 shows the corresponding plot for the thallium and lead alloys. In each case the points fall on a single curve in dilute solution.
The results have been discussed in terms of the empirical size-factor relationships, with arbitrary correction where necessary for incomplete ionization of the solute. I t was pointed out, however, by th at the interatomic distances in crystals of alloys cannot be accounted for by assigning a fixed radius to each kind of atom. If the alloy structure corresponds with an overlap in any direction from the first Brillouin Zone, this direction in the lattice will be relatively expanded, so that the apparent atomic diameter of the solute as deduced by extra polation of the lattice spacing curve to 100 % of solute is greater than in the absence of overlap. The apparent atomic diameter of aluminium in solution in copper, silver or gold where there is no overlap is, for example, less than the value obtained by extrapolating the a-spacings for dilute magnesium-aluminium alloys, for which the Brillouin Zone is overlapped in the a direction. The value obtained in the latter case is close to the normal atomic diameter in metallic aluminium, in agreement with the fact th at both involve zone overlaps.
The apparent diameter of the indium atom obtained by extrapolating the a-spacings of magnesium-indium alloys is 3*09 A, as compared with a closest distance of approach of 3*24 A in the crystal of the metal. This behaviour is ascribed to the fact that, in addition to the electrochemical effect being more marked for these alloys than for magnesium-aluminium alloys, metallic indium shows some tendency towards incomplete ionization.
In the same way, the apparent atomic diameters of thallium and lead obtained by extrapolating the a-spacing curves have the values 3*12 and 3*31 A respectively, as compared with closest distances of approach 3*40 and 3-49 A in the metals. Since both the alloys and the metals involve electron overlaps, this may be taken as confirmation of incomplete ionization in the metallic state. I t is interesting to note th a t the difference between the ' extrapolated ' and * metallic ' atomic diameters is very close to the arbitrary correction previously used to correct the observed metallic values for incomplete ionization.
In the case of tin, the atomic diameter deduced by extrapolation of the a-spacing curve for magnesium-tin alloys is 3'13 A, and corresponds to a hypothetical state of the metal with coordination number 12, whereas white tin has a complex crystal structure with two sets of close neighbours. In view of the uncertainty of corrections for changes in coordination number, it is not possible to compare the extrapolated and metallic values. If, however, the value 3* 13A is corrected for a change in co ordination number from 12 to 4 according to the Goldschmidt rule, the result (2*77A) is close to the interatomic distance in grey tin (2*79A) which has the coordination number 4.
The crystal structure of gallium is complex, and results in the existence of four sets of neighbours, at 2-437, 2-706, 2-736, and 2-796A respectively, for each atom. The apparent atomic diameter of gallium in dilute solution in magnesium, as obtained by extrapolation of the a-spacings, is 2-829 A, and is thus considerably larger than the closest distance of approach in the metal. For the purpose of assessing size factors as defined above, the atomic diameter of gallium was assumed to be measured by this closest distance of approach, but it was pointed out by Hume-Rothery, Reynolds & Raynor (1940) that this arbitrary procedure gave too low a value to Lattice s p a c i n g s o f primary solid solutions in magnesium 119 be consistent with the experimental results for copper, silver, and gold alloys with gallium. The present results confirm this for magnesium alloys. The survey of copper, silver and gold alloys suggested th a t an effective atomic diameter of 2* 7-2-8 A for gallium would be consistent with the facts; the value 2*829A obtained in the present work is close to this. The second, or d, distance of approach in the close packed hexagonal structure is not directly related to the Brillouin Zone overlaps, since it involves both the a-and the c-spacings. I t should, however, be noted th a t the extrapolated atomic diameter of gallium for the d distance of approach in the solid solution in magnesium before the second overlap begins is 2*80A, and is thus less than for the overlapped a direction, in agreement with the theory. This effect is general for the alloy systems studied.
The lattice-spacing curves for the solid solutions in magnesium of the metals of group IIIB and of tin and lead therefore support the suggestion of incomplete ionization for metallic indium, thallium, tin and lead.
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